Abstract N-Acylphosphatidylethanolamine (NAPE) and its hydrolysis product, N-acylethanolamine (NAE), are minor but ubiquitous lipids in multicellular eukaryotes. Various physiological processes are severely affected by altering the expression of fatty acid amide hydrolase (FAAH), an NAE-hydrolyzing enzyme. To determine the effect of altered FAAH activity on NAPE molecular species composition, NAE metabolism, and general membrane lipid metabolism, quantitative profiles of NAPEs, NAEs, galactolipids, and major and minor phospholipids for FAAH mutants of Arabidopsis were determined. The NAPE molecular species content was dramatically affected by reduced FAAH activity and elevated NAE content in faah knockouts, increasing by as much as 36-fold, far more than the NAE content, suggesting negative feedback regulation of phospholipase D-mediated NAPE hydrolysis by NAE. The N-acyl composition of NAPE remained similar to that of NAE, suggesting that the NAPE precursor pool largely determines NAE composition. Exogenous NAE 12:0 treatment elevated endogenous polyunsaturated NAE and NAPE levels in seedlings; NAE levels were increased more in faah knockouts than in wild-type or FAAH overexpressors. Treated seedlings with elevated NAE and NAPE levels showed impaired growth and reduced galactolipid synthesis by the ''prokaryotic'' (i.e., plastidic), but not the ''eukaryotic'' (i.e., extraplastidic), pathway. Overall, our data provide new insights into the regulation of NAPE-NAE metabolism and coordination of membrane lipid metabolism and seedling development. 
Introduction
N-Acylphosphatidylethanolamines (NAPEs) are a prevalent class of membrane phospholipids that occur in both plant and animal tissues (Chapman and Moore 1993b; Schmid 2000; Coulon et al. 2012) . N-Acylethanolamines (NAEs), the hydrolysis products of NAPEs, have gained wide recognition as evolutionarily conserved lipid mediators that modulate various physiological processes in eukaryotic cells. A phospholipase D (PLD) capable of NAPE hydrolysis (Ueda et al. 2005a ) and fatty acid amide hydrolases (FAAHs) that terminate NAE signaling (Thomas et al. 1997; Ueda et al. 2005b) were initially identified in mammalian systems. The metabolic pathway for NAE in plants is partly characterized based on molecular and in vitro and in vivo biochemical studies (Fig. 1) . The hydrolysis of NAPE by an unidentified PLD generates NAE and phosphatidic acid (PA); in vitro studies have implicated PLD-b and/or -c isoforms in NAPE hydrolysis (Pappan et al. 1998) . NAE is catabolized to free fatty acid (FFA) and ethanolamine (EA) by FAAH-mediated hydrolysis (Shrestha et al. 2003) . In addition, a lipoxygenase (LOX)-mediated oxidative pathway has been shown as an alternate, competitive metabolic pathway for metabolizing polyunsaturated (PU)-NAEs in cotton (Shrestha et al. 2002) and Arabidopsis (Kilaru et al. 2011a ). Interestingly, in vitro studies have demonstrated that nano-to low micromolar concentrations of NAE 12:0 inhibit PLD-a (Austin-Brown and Chapman 2002) and LOX activities (Keereetaweep et al. 2010 ) in a competitive manner.
In animals, the synthesis of NAPE involves the transfer of an acyl chain to phosphatidylethanolamine (PE) from the sn-1 position of phospholipids, including PE, phosphatidylcholine (PC), and their lysophospholipid derivatives, but not from FFAs or acyl-CoA (Natarajan et al. 1982) . The enzyme N-acyltransferase, which catalyzes the transacylation, does not demonstrate any specificity with regard to chain length or degree of unsaturation (Sugiura et al. 1996) . Thus, the composition of NAPE mostly reflects the sn-1 composition of its phospholipid donors, as observed in rodents (Kilaru et al. , 2011b . In plant cells, although in vitro studies demonstrated that FFA may act as the acyl donor for NAPE synthesis (Chapman and Moore 1993a; McAndrew and Chapman 1998) , a recently characterized Arabidopsis NAPE synthase (At1g78690) was reported to transfer an acyl chain from acyl-CoA to the head group of PE [ Fig. 1 ; (Faure et al. 2009; Coulon et al. 2012)] . A more recent study reported that this NAPE synthase enzyme may also have lysoglycerophospholipid O-acyltransferase activity (Bulat and Garrett 2011) ; however, neither Bulat and Garrett (2011) nor Faure et al. (2009) demonstrated the formation of acylated PG in planta, so the physiological significance of this O-acyltransferase activity reported in vitro remains unclear.
Our understanding of NAE metabolism and function in plants has expanded considerably with the availability of FAAH (At5g64440) overexpressor (OE) and T-DNA insertional knockout (KO) mutants (reviewed in Kilaru et al. 2007; Kim et al. 2010) . The growth phenotypes observed in NAE metabolite mutants and their sensitivity to exogenous NAE 12:0 ) and other abiotic (Teaster et al. 2007; Kim et al. 2009; Cotter et al. 2011) or biotic (Kang et al. 2008 ) stressors have been, in part, attributed to changes in NAE content and composition. The metabolism of NAEs in seedlings interacts with abscisic acid (ABA) signaling to modulate seedling growth (Teaster et al. 2007; Cotter et al. 2011 ) and ABA-mediated The NAE metabolic pathway shown here is based on both in vivo (solid lines) and in vitro (dashed lines) evidence. Saturated and unsaturated NAEs generated by the hydrolysis of NAPEs by PLD are hydrolyzed by FAAH to free fatty acids (FFAs) and ethanolamine (EA). In addition, polyunsaturated (PU)-NAEs can also be oxidized by LOX to form NAE-oxylipins. Both PLD and LOX are inhibited by NAE 12:0. N-acylation of PEs, with FFA and/or acyl-CoA as an acyl donor mediated by NAPE synthase, generates the NAPE responses to abiotic stress. In terms of biotic stress, mature Arabidopsis plants overexpressing FAAH (At5g64440) showed compromised innate immunity to bacterial pathogens via altered salicylic acid-mediated regulation of host defense gene expression (Kang et al. 2008) . The interaction of hormone signaling pathways with NAE metabolism is complex in that seedling growth regulation appears to depend on the modulation of NAE levels directly, whereas stress responses appear to be influenced by the FAAH protein itself, independent of its catalytic activity (Kim et al. 2009 ). A hypothetical model for the regulation and action of the NAE regulatory pathway has been proposed , but further experimental evidence is required to understand the mechanistic and functional details of this lipid mediator pathway. Here, we have examined more broadly the lipid metabolites directly and indirectly related to the NAE regulatory pathway, specifically in the context of seeds and seedlings, during a developmental period where considerable changes in NAE levels and metabolism have been associated with changes in physiology and growth. Further, because NAE 12:0 treatment can dramatically alter endogenous NAE profiles by inhibition of LOX-mediated oxidation (Keereetaweep et al. 2010 ), we used this as a means to study the regulation of NAPE and NAE metabolite levels, in addition to utilizing FAAH mutants with altered NAE metabolism.
We recently showed that perturbation of FAAH activity affected the NAPE and NAE profiles of brain tissues of mice ) and also ischemic brain tissues of rats (Kilaru et al. 2011b ). Here, we have adapted a comprehensive, mass spectrometry (MS)-based approach, similar to that reported for mammalian tissues Kilaru et al. 2010 Kilaru et al. , 2011b , to identify and quantify Arabidopsis NAPE molecular species along with other major and minor phospholipids and galactolipids. With the availability of lipidomic tools and NAE metabolic mutants, we have demonstrated accumulation of NAPE under conditions that might otherwise lead to excessive accumulation of NAE, suggesting potential negative feedback regulation of NAE production. Moreover, these data may raise the possibility that NAPE could be responsible, in part, for some of the pleiotropic effects in NAE mutants (Motes et al. 2005; Wang et al. 2006; Teaster et al. 2007; Cotter et al. 2011 ).
Materials and methods

Chemicals
Lauroylethanolamide (NAE 12:0) was synthesized from lauroylchloride and ethanolamine and purified by organic extraction as described previously (Austin-Brown and Chapman 2002) . Solvents (optima grade) were purchased from Thermo-Fisher.
Plant material and growth conditions
For all experiments, surface-sterilized Arabidopsis seeds of wild-type (WT), faah KO and FAAH OE were stratified for 3 days at 4°C in the dark prior to germination. Growth was maintained for 8 days in liquid MS medium with or without 35 lM NAE 12:0 and a 16-/8-h light/dark cycle at 22°C.
Total lipid extraction
Total lipids from seeds and seedlings of Arabidopsis were extracted with hot (70°C) isopropyl alcohol/chloroform/ water (2/1/0.45 by volume), as described previously (Venables et al. 2005) . Lipid yield was determined gravimetrically, and extracts were stored under nitrogen at -80°C.
NAE quantification
N-Acylethanolamines from the total lipid extracts were separated by normal phase HPLC, and their trimethylsilylether derivatives were quantified by GC-MS against a mixture of deuterated internal standards as described previously (Venables et al. 2005 ).
Purification of lipid extracts
Arabidopsis seed and seedling lipid extracts were purified using cyanopropyl solid phase extraction (SPE) columns (500 mg, Alltech Associates, Deerfield, IL) to eliminate interfering substances such as abundant neutral lipids that may cause ion suppression and mask low-quantity species during MS analysis. Lipid extracts were dissolved in 1 mL of chloroform/methanol (9:1). An aliquot equivalent to 3 mg lipid weight for seeds or 0.3-3 mg lipid weight for seedlings was combined with 1.1 nmol of N-17:0 di16:0 PE, which was synthesized as previously described ) and employed as an internal NAPE standard. The lipid-plus-standard sample was evaporated under nitrogen, dissolved in 50 lL of chloroform, and applied to an SPE column pre-conditioned with 10 mL of a hexane/ ethyl ether/acetic acid mixture (4:1:0.05). After sample application, the neutral lipids were eluted from the column with 10 mL of the hexane/ethyl ether/acetic acid solvent. Polar lipids were eluted with 10 mL of chloroform/ methanol/water (4:1:0.1). The solvent in the polar lipid fraction was evaporated under nitrogen, and the lipid was re-dissolved in 1 mL of chloroform. SPE column purification was also performed on six replicates of the NAPE standard alone, 1.1 nmol per column. Cyanopropyl SPE columns were tested, using multiple NAPE standards, to assess if NAPE species were effectively retained on the columns during sample loading and neutral lipid elution. All NAPE standards were eluted in the polar lipid fraction without any loss in the neutral lipid fraction. Purified polar lipids were also used for phospholipid and galactolipid analyses.
NAPE analysis and quantification
Aliquots of 150-900 lL of purified polar lipid solution, equivalent to 1.2 mg lipid weight for seeds or approximately 260-470 lg lipid weight for seedlings, were taken for MS analysis and evaporated to dryness under nitrogen. The aliquots were re-dissolved in chloroform and the solvent was added so that the final ratio of chloroform/ methanol/300 mM ammonium acetate in water was 300:665:35; the final volume was 1.4 mL.
Mass spectra were acquired on a triple quadrupole MS system (API 4000 QTrap, Applied Biosystems, Foster City, CA) equipped with an autosampler (LC Mini PAL, CTC Analytics AG, Zwingen, Switzerland). Samples were introduced by continuous infusion into the Turbo V electrospray ionization source at 30 ll/min. Sequential neutral loss (NL) scans produced a series of spectra, with each spectrum revealing a set of lipid species containing a common ammoniated N-fatty amide head group fragment corresponding to each common fatty acid. 3) was included to detect the internal standard. The declustering potential was set at ?60 V, the entrance potential at ?8 V, and the exit potential at ?15 V. The ion spray voltage was set at ?5.5 kV. The collision gas (nitrogen) was set at 2 (arbitrary units), and the collision energy was ?45 V. The source temperature was 100°C, curtain gas was 20 (arbitrary units), ion source gases were 45 (arbitrary units), interface heater was on, and mass analyzers were adjusted to a resolution of 0.7 u full width at half height. For each spectrum, 100 cumulative scans were collected in multiple channel analyzer mode at a scan speed of 50 u/s.
The data were smoothed, the background of each spectrum was subtracted, and the peaks were centroided and integrated using a custom script and Applied Biosystems Analyst software. Peaks corresponding to the target lipids in each N-acyl class (each spectrum) were identified, the data were corrected for isotopic overlap within each spectrum (i.e., due to the diacylglycerol portion of NAPE), and molar amounts were quantified relative to the N-17:0 di16:0 PE internal standard. Six replicate samples from SPE column elution of the N-17:0 di16:0 PE standard alone were run through the same series of scans; two standardonly replicates were followed by 12 Arabidopsis samples on the instrument. The molar amounts of each lipid metabolite detected in the two averaged ''NAPE standardonly'' spectra were subtracted from the molar amounts of each metabolite detected in each experimental Arabidopsis spectrum to correct for chemical or instrumental noise. Finally, the data were corrected for isotopic overlap between head groups (NL fragments) and normalized to the sample lipid weight. Data were reported as mass spectral signal, normalized to N-17:0 di16:0 PE, per mg lipid weight, where the amount of signal produced by 1 nmol of N-17:0 di16:0 PE was 1.
Phospholipid/galactolipid analysis and quantification As above, an automated electrospray ionization-triple quadrupole MS approach was used; data were acquired as described previously (Devaiah et al. 2006 ) with modifications. An aliquot of 15-90 ll of SPE-purified polar lipid, equivalent to 120 lg lipid weight for seeds or approximately 26-47 lg lipid weight for seedlings, was used. Precise amounts of phospholipid and galactolipid internal standards, obtained and quantified as previously described (Welti et al. 2002) , were added in the following quantities: 0.6 nmol di12:0 PC, 0.6 nmol di24:1 PC, 0.6 nmol 13:0 lysoPC, 0. Mass spectra were acquired on the triple quadrupole MS and autosampler system described in the previous section. Sequential precursor (Pre) and NL scans of the extracts produced a series of spectra with each spectrum revealing a set of lipid species containing a common head group fragment. Lipid species were detected with the following scans: PC and lysoPC, ? ions in positive ion mode with NL of m/z 341.1. The ion spray voltage was set at ?5.5 kV or -4.5 kV. Declustering potentials were ?100 V for PE, PC, PA, PG, PI, and PS, ?90 V for MGDG and DGDG, and -100 V for lysoPG. Entrance potentials were ?15 V for PE, ?14 V for PC, PA, PG, PI and PS, ?10 V for MGDG and DGDG, and -10 V for lysoPG. Exit potentials were ?11 V for PE and ?14 V for PC, PA, PG, PI, and PS, ?23 V for MGDG and DGDG, and -5 V for lysoPG. The collision gas (nitrogen) was set at 2 (arbitrary units). The collision energies were ?28 V for PE, ?40 V for PC, ?25 V for PA and PI, ?20 V for PG, ?26 V for PS, ?21 V for MGDG, ?24 V for DGDG, and -53 V for lysoPG. The source temperature, curtain gas, ion source gases, interface heater, and mass analyzers were adjusted as for NAPE analysis. For each spectrum, 9-65 continuum scans were collected in multiple channel analyzer (MCA) mode at a scan speed of 45-100 u/s.
The data were smoothed, the background of each spectrum was subtracted, and the peaks were centroided and integrated using a custom script and Applied Biosystems Analyst software. Peaks corresponding to the target lipids were identified, the data were corrected for isotopic overlap, and molar amounts were calculated in comparison to the internal standards in the same lipid class. The same spectra were acquired on samples containing phospholipid/galactolipid internal standard mixture only and were used to correct for chemical or instrumental noise by subtracting the molar amounts of each lipid metabolite detected in the ''internal standardsonly'' spectra from the molar amounts of each metabolite calculated from the experimental Arabidopsis spectra. Each ''internal standards-only'' spectrum was used to correct the data from the following ten samples run on the instrument. Finally, the data were adjusted to account for the fraction of sample analyzed and normalized to the sample lipid weight.
Data analysis
All metabolite data obtained per mg lipid content were normalized to the sample fresh weight (FW) and reported as nmol/g FW or normalized MS signal/g FW; the amount of signal produced by 1 nmol of N-17:0 di16:0 PE is 1. Data are averages of four replicates and expressed as mean ± SD (Supplemental Table 1 ). A two-way analysis of variance was conducted for 11 metabolite classes (NAE, NAPE, PE, 2 galactolipids and 8 other phospholipids) quantified, with each of their total metabolite content as a response variable and genotype (WT, KO, and OE) and condition (seed and treated and untreated 8-day-old seedlings) as factors. For most of the metabolites, the interaction between genotype and condition was significant (P \ 0.05). A two-tailed, unpaired Student's t test was used to determine the significant difference among the data sets (P \ 0.05). A two-way analysis of variance was also conducted for each NAE and NAPE species, with their proportion (%) of the total metabolite class as a response variable and genotype and condition as factors, to determine the significance of their interaction on composition. Analysis of phospholipid/galactolipid class totals from one WT 8-day-old seedling replicate showed that values fell statistically outside the mean by a Q test (Shoemaker et al. 1974) ; only these values were removed from calculations.
Results
Identification and quantification of NAPE, NAE, and PE, the major metabolites of the NAE metabolic pathway While characterization of the NAE pathway remains far from complete ( Fig. 1) , our study focused on the consequences of altered NAE metabolism on the metabolite levels of NAPE and other phospholipids. In our previous work with mice, we developed a method for direct infusion electrospray ionization mass spectrometry analysis of NAPEs . Here, we extended this procedure to comprehensively analyze the NAPEs in seeds and seedlings of Arabidopsis. To reduce ion suppression during direct infusion electrospray ionization mass spectrometry, polar lipids were separated from neutral lipids by SPE before analysis. When dissolved in solvent containing ammonium acetate, NAPEs within the polar lipid fraction form positively charged ammonium adducts ([M ? NH 4 ] ? ), which fragment into neutral head group and charged diacylglycerol (DAG) fragments in the mass spectrometer. For example, fragmentation of N-18:2 di18:2 PE generates an NL of m/z 420.3 (Fig. 2a) . Sequential scanning for NL of various ammoniated N-acylethanolamine phosphate head groups provides a diagnostic method to detect the molecular species of NAPE in all N-acyl classes. NAEs, which are generated upon PLD hydrolysis (Fig. 2b) , were analyzed by GC-MS. PE was analyzed as previously described by monitoring positive ions that can generate an NL of m/z 141.0 ( (Brugger et al. 1997) ; Fig. 2c ). The total lipids extracted from seeds and seedlings of Arabidopsis were thus analyzed for content and molecular composition of NAPE, NAE, PE, and other phospho-and galactolipids (Supplemental Table 1 ). Planta (2012) 236:809-824 813 Altered FAAH expression affects NAE metabolite content, but not composition in seeds Total NAPE, NAE, and PE levels in WT, faah KO, and FAAH OE seeds were quantified (Fig. 3) . The total NAPE content in seeds of all three genotypes was *10-fold higher than their NAE and *10-fold lower than their PE content (Fig. 3a) . Although the absence of FAAH activity resulted in elevated levels of NAE in faah KO seeds, their NAPE and PE levels were not significantly different from those in WT (Fig. 3a) . In contrast, the NAPE, NAE, and PE levels were significantly lower in FAAH OE seeds relative to WT (Fig. 3a) . These data suggest that overexpression of AtFAAH had a stronger effect than faah KO on the NAPE, NAE, and PE metabolite pools; we have suggested elsewhere that additional mechanisms exist for the metabolism of NAEs, specifically PU-NAEs (Kilaru et al. 2011a) . N-Acylethanolamine 18:2 and NAPEs with 18:2 at the N-acyl position were the most abundant species in WT, KO, and OE seeds (Fig. 3b) . NAPEs with saturated species at the N-acyl position contributed to B25 % of the total NAPE (Fig. 3c) . Although NAPE 20:1 and NAPE 16:1 were detected, corresponding NAE species were not, perhaps because their concentration was below the limits of detection in the analyses. NAE 12:0 and 14:0 were previously reported and were excluded from this study since exogenous treatment with NAE 12:0 would interfere with quantification of the same endogenous species and NAE14:0 was near the limits of detection in seeds. The trend of lower amounts of NAPE and NAE in OE seeds, relative to WT, was significant for most N-acyl groups (Fig. 3b) . The overall % distribution of N-acyl species contributing to total NAPE and NAE content in seeds was also significantly different across the genotypes (Fig. 3c) .
Exogenous NAE treatment results in seedlings with altered NAPE, NAE, and PE profiles Previous studies have shown that exogenous NAE 12:0 treatment affects germination and seedling growth. The physiological ramifications of NAE treatment on FAAH mutants were genotype dependent and included altered endogenous NAE levels, specifically those of PU-NAEs Teaster et al. 2007; Keereetaweep et al. 2010; Cotter et al. 2011) . Here, we have determined the effects of exogenous NAE treatment on the content and composition of NAPE, NAE, and PE in Arabidopsis seedlings.
When Arabidopsis seeds were germinated and grown in the presence of 35 lM exogenous NAE 12:0, the growth of WT and faah KO seedlings was visibly stunted. Growth of FAAH OE seedlings, which actively hydrolyze NAEs, were relatively unaffected compared to OE seedlings grown in the absence of NAE 12:0 (Fig. 4a) . The NAPE and NAE content of 8-day-old untreated WT seedlings was ten-and sevenfold lower than that of the seeds, respectively, whereas the PE content was about twofold lower (compare Fig. 4b with Fig. 3a) . Unlike in seeds, the NAPE and PE content of 8-day-old seedlings (control) did not vary significantly among the genotypes (Fig. 4b) . However, exogenous NAE treatment of seedlings resulted in a significant increase in the absolute amounts of NAPE, NAE, and PE that was genotype dependent (Fig. 4b) . The most dramatic changes were noted with NAPE levels. In WT, KO, and OE ). Neutral loss (NL) fragments used in lipidomic analysis are shown for N-18:2 di18:2 PE and di18:2 PE seedlings, the NAPE levels increased by 22-, 36-, and 12-fold, respectively, relative to untreated 8-day-old seedlings (Fig. 4b) . A less pronounced but significant increase in absolute levels of NAE (4-to 8-fold) and PE (2-fold) was also observed in seedlings exposed to NAE 12:0 when compared with the untreated seedlings (Fig. 4b) . The NAE and PE content of WT, KO, and OE seedlings, when grown in the presence of exogenous NAE 12:0, was similar to the levels observed in seeds. However, the increase in NAPE content in treated seedlings resulted in two-to threefold higher levels than observed in seeds (compare Fig. 4b with Fig. 3a) .
In addition to the decrease in levels of NAPE in 8-dayold control seedlings relative to seeds, their N-acyl composition also was significantly different from that of seeds; specifically, N-18:2 species were less dominant in 8-dayold control seedlings relative to seeds (Fig. 5a compared to  Fig. 3b ). This may reflect a preference by the unknown PLD for N-18:2-containing species during normal seedling establishment. The 8-day-old seedlings showed an abundance of PU species, independent of genotype (Fig. 5a ). The increases in NAPE content observed in the seedlings when grown in the presence of exogenous NAE 12:0 can be attributed mostly to increases in the unsaturated N-18:2, N-18:3, and N-18:1 NAPE species rather than to saturated species ( Fig. 5b compared to Fig. 5a ). In seeds and untreated 8-day-old seedlings, the unsaturated N-acyl species contributed\80 % of the total NAPE (Figs. 3c, 5a ), in contrast to 95 % in NAE-treated seedlings (Fig. 5b) . With exogenous NAE 12:0 treatment, there were minor, yet significant differences in composition of NAPE molecular species among genotypes. The amounts of N-acyl species, however, differed dramatically among genotypes (Fig. 5b) .
The specific effects of NAE 12:0 treatment on NAE content and composition were very similar to those on NAPE (Fig. 6a, b) . The unsaturated NAE levels increased four-to sixfold in treated 8-day-old seedlings relative to untreated seedlings. As expected, the faah KO seedlings treated with NAE 12:0 showed the highest increase in NAE content among the three genotypes (with NAE 18:2 being the most abundant species), due to their reduced capacity for NAE hydrolysis. The pattern of distribution of NAE species in treated 8-day-old seedlings was similar between the genotypes and closely resembled that of the seeds; however, the % of each NAE species contributing to the total NAE in NAE-treated seedlings was significantly different from seeds and between genotypes (compare Figs. 6b, 3c).
Lipidomic profiling identifies PE components of NAPE molecular species N-Acylphosphatidylethanolamines are formed by N-acylation of the primary amine group of PE. Detailed analysis of the individual NAPE molecular species revealed that the predominant glycerol backbone fatty acids of the PE component were similar regardless of the N-acyl group (e.g., N-16:0, N-18:3, N-18:2, or N-18:1) (Fig. 7) . For example, 34:2 and 36:4 were the most prevalent glycerol backbone fatty acyl combinations (numbers designate totals of two fatty acids) within most of the NAPE N-acyl groups (Fig. 7) , particularly in seeds. In untreated 8-dayold seedlings, 34:3 and 36:5 were also prominent in various N-acyl groups. In seeds, *30, 64, and 6 % of the total NAPE molecular species contained PE components with 34-, 36-, and 38-carbon fatty acyl combinations, respectively. The composition did not vary among the genotypes, but was altered during seedling development (Fig. 7) . In 8-day-old seedlings, PE components with 34-and 36-carbon fatty acids constituted 45 and 49 % of the total NAPEs, respectively, and 38-carbon fatty acids constituted 6 %. This is similar to the PE composition in leaves, which typically contain substantial amounts of PE with 34 and 36 acyl carbons (Devaiah et al. 2006 ). There were substantial increases in longer chain molecular species in treated seedlings of all genotypes, with 38:3 and 38:4 diacylglycerol components making up 12 % of the NAPE composition ( Fig. 7 and Supplemental Table 1 ). The prevalence of longer chain species, as observed in seeds, but not in untreated seedlings, suggests that NAE 12:0 treatment of the seedlings renders the NAPE composition more ''seed-like''. Similar observations were made with profiles of the PE precursor pool available for N-acylation to form NAPEs. The most abundant PE species in WT, faah KO, and FAAH OE seeds was 36:4 PE (Fig. 8) . PE levels, which were not different among the genotypes in untreated 8-day-old seedlings, were increased by exogenous NAE treatment in WT and faah KO, but not in FAAH OE seedlings (Fig. 8) . Similarities and differences in galactolipid and phospholipid composition in FAAH mutants Quantification of digalactosyldiacylglycerols (DGDG) and monogalactosyldiacylglycerols (MGDG) indicated that their levels were significantly lower in FAAH OE seeds than in WT seeds (Fig. 9a) . Regardless of the genotype, the levels of MGDG were increased by more than fourfold in 8-day-old seedlings relative to seeds, while the DGDG levels did not change significantly with seedling development (Fig. 9b) . Increases in MGDG levels were strongest in OE seedlings (18-fold increase relative to seeds). Although exogenous application of NAE 12:0 resulted in a twofold reduction in galactolipid content relative to untreated seedlings (Fig. 9c) , the levels remained higher than those observed in seeds.
The most abundant phospholipid in the seeds was PC, followed by PI and PE. All of the major phospholipids showed significantly lower levels in OE seeds than in WT and KO seeds, but this difference did not persist in 8-dayold seedlings. Phospholipid content was in general higher in seeds, relative to seedlings, by *2-fold. The levels of major and minor phospholipids were moderately increased in seedlings, specifically WT and faah KO, but not FAAH OE, when grown in the presence of NAE 12:0, relative to untreated seedlings (Fig. 9) . In NAE-treated WT and faah KO seedlings, except PG and PC, major phospholipid levels were higher by more than twofold and lysophospholipids by more than sevenfold. Major and minor phospholipids (phosphatidylserine (PS), lysoPC, and lysoPE) were detected at lower levels in FAAH OE seeds than in WT and KO seeds, but no difference among the genotypes was observed in untreated seedlings (Fig. 9) . These data suggest that the seedlings adjust their PE supply to meet the exaggerated synthesis of NAPE (and NAE) that occurs in the presence of exogenous NAE 12:0.
Impaired prokaryotic galactolipid synthesis in seedlings treated with NAE 12:0 Comprehensive profiling of the precursor diacylglycerol species for glycerolipid synthesis led to the identification of a wide range of effects associated with altered NAE and NAPE levels (Supplemental Table 1 ). In 8-day-old WT seedlings, MGDG and DGDG together made up *43 % of the total glycerolipids. Levels of molecular species derived via the ''prokaryotic'' pathway, or synthesized in plastids (Ohlrogge and Browse 1995; Benning 2009 ), such as MGDG 34:6, were severely reduced in seedlings exposed to NAE 12:0 (Fig. 10a) . On the contrary, levels of molecular species such as MGDG 36:6, derived via the ''eukaryotic'' pathway, or synthesized and contributed from the endoplasmic reticulum, increased with NAE 12:0 treatment (Fig. 10b ). This perturbation of the prokaryotic pathway was somewhat alleviated in FAAH OE seedlings (Fig. 10a) , which also had lower levels of NAE and NAPE compared to WT and faah KO genotypes (Figs. 4, 5, 6 ). In other words, it appears that the content of NAE and NAPE in plant tissues may influence the proportion of prokaryotic lipid synthesis selectively. This may be a consequence of a dramatic demand for extraplastidial PE for the synthesis and turnover of NAPE.
Discussion
The NAE regulatory pathway is part of the endocannabinoid signaling system in vertebrates, and as such it has received considerable experimental attention. Targeted lipidomics has provided new opportunities to gain a clearer understanding of the effects of perturbations of the intricate network of the NAE metabolic pathway in vertebrate systems Kilaru et al. 2010 Kilaru et al. , 2011b . Results with mammalian systems suggested that the physiological effects of NAE metabolism might involve changes in other metabolites in the pathway, including NAPE. For example, selective lipidomic analysis of FAAH (-/-) mice revealed differences in content and composition of NAPE, NAE, and other major and minor phospholipids in brain and heart tissues, indicating differential regulation of the NAE metabolic pathway . Despite the physiological implications that NAE metabolites have on plant growth and development, an indepth understanding of the pathway and its regulation in plants is essentially lacking. Here, we have extended methods developed for mammalian systems to plants and profiled the NAPE content and composition, along with NAE, PE, and other phospholipids, in Arabidopsis seeds and seedlings (Figs. 3, 4, 5, 6, 7, 8, 9, 10) . In Arabidopsis, the metabolites NAPE, NAE, and PE were most abundant in seeds, and the levels declined by *10-, 7-, and 2-fold, respectively, as seeds germinated and seedlings developed (Figs. 3, 4) . Modulation of NAE levels is considered important for proper seedling establishment Teaster et al. 2007; Cotter et al. 2011) . However, metabolite analyses revealed that normal seedling establishment might require a coordinated decline in NAE metabolites, especially NAPE, which showed the Fig. 6 Content and composition of NAE in 8-dayold seedlings. NAE content and composition of 8-day-old seedlings of WT, faah KO, and FAAH OE genotypes (a) were altered with exogenous NAE 12:0 treatment (b). Differential effects were observed among the genotypes. N = 4 ± SD. Significance (P \ 0.05) was determined by unpaired Student's t test and is indicated by 'a' for KO or OE versus WT and 'b' for NAE 12:0-treated versus 8-day control seedlings greatest decline during normal seedling growth. Perhaps the lower NAPE content in FAAH OE seeds, relative to WT seeds, in addition to reduced NAE content ( Fig. 3 ; Wang et al. 2006) , together help to explain their enhanced growth phenotype, as observed in 8-day-old FAAH OE seedlings grown in the presence or absence of NAE 12:0 treatment ( Fig. 4a ; Wang et al. 2006; Teaster et al. 2007; Cotter et al. 2011) . Interestingly, 50-80 % of the total NAPE and NAE content in seeds was composed of PU-Nacyl species (18:2 and 18:3; Fig. 3 ), suggesting that it is specifically their decline in seedlings (Figs. 5, 6 ) that substantially contributes to seedling development. This concept is supported by the fact that faah KO seeds, despite their slightly higher levels of NAE (but not NAPE), showed normal germination and growth as long as they retained the capacity to metabolize the large amount of PU-NAEs via oxidation (Kilaru et al. 2011a ). However, if oxidation also was blocked by LOX inhibitors such as NAE 12:0 [Figs. 4, 5, 6, (Keereetaweep et al. 2010) ] or nordihydroguaiaretic acid (Keereetaweep et al. 2010) , seedling development was substantially retarded, especially in faah KO. Additionally, the NAPE and NAE metabolite profiles were markedly elevated and more similar to those in seeds than in seedlings. Taken together, this suggests that activation of PU-NAPE and -NAE metabolism is associated with normal seedling establishment.
Perhaps the most significant observation here was the dramatic elevation in NAPE levels in seedlings after application of exogenous NAE 12:0 (36-fold in faah KO), which was much more than the increase in NAE content itself (eightfold; Fig. 4 ). In addition to being a competitive inhibitor of LOXs (Keereetaweep et al. 2010 ) and PLD-a (Austin-Brown and Chapman 2002), NAE 12:0 is known to affect membrane trafficking and cytoskeletal organization (Blancaflor et al. 2003; Motes et al. 2005) . It is possible that the physiological actions of NAE 12:0 may be, in part, Fig. 7 The profiles of NAPE molecular species in Arabidopsis seeds and seedlings. The profiles of PE components of NAPE molecular species, based on NAPE N-acyl group, for WT, faah KO, and FAAH OE seeds (a) and 8-day-old seedlings (b) were compared with those of 8-day-old seedlings grown in the presence of 35 lM NAE 12:0 (c) Planta (2012) 236:809-824 819 attributed to increases in levels of NAPE, which has an unusual structural influence on membrane organization and function (Sandoval et al. 1995) . NAPE levels also were elevated during elicitor-induced signaling in tobacco cells and chilling stress (Chapman and Sprinkle 1996) . Furthermore, a 13-fold increase in NAPE levels was observed in anoxia-stressed potato cells (Rawyler and Braendle 2001) . Together, these data suggest that, while more experimental evidence needs to be obtained, it may be important to take a closer look at the role of NAPE in cellular responses to stress, as this lipid class may have unrecognized roles in plant cell function. Interestingly, feeding of exogenous NAE 12:0 affected the levels of PU-N-acyl groups of the NAPE species (Fig. 5) , similar to profiles of the NAEs (Fig. 6) . The N-acyl groups of NAPE (and NAE) were dominated by N-18:2, N-18:3, and N-18:1 after NAE 12:0 treatment, regardless of the genotype (Fig. 7) . The similarities between PE and NAPE backbones suggest that existing PE pools were utilized for NAPE synthesis (Figs. 7, 8 ). On the other hand, the results suggest that perhaps there was a preference for unsaturated 18C acyl-CoA/FFA for NAPE formation under NAE 12:0-stimulated conditions. Further, there was only a moderately higher amount of PE in NAE 12:0-treated seedlings compared to untreated seedlings. In fact, the ratio of PE to NAPE was greater than 6:1 in seeds (Fig. 3) , but in treated seedlings this ratio was closer to 2:1 (Fig. 4) . The overall amounts of the normally minor NAPE were as high in treated seedling tissues as the common and abundant PE was in untreated seedling tissues. The marked elevation of NAPE (much more than NAE on a percentage basis) suggests that NAE 12:0 treatment results in negative feedback regulation of the PLD-mediated hydrolysis of NAPE. Whether this is due mostly to a pharmacological inhibition of the PLD enzyme in situ, or an exaggeration of a normal biochemical regulatory process, will require further examination. NAPE formation, on the other hand, seems to be under less tight control, allowing NAPE to accumulate in NAE-treated tissues, especially when FAAH activity was compromised (faah KO). Increased capacity for NAE turnover (FAAH OE) appeared to reduce the severity of the accumulation of NAE pathway metabolites (including NAPE), the re-direction of lipid metabolism toward NAPE formation, and the severity of inhibition of seedling growth caused by exogenous NAE treatment (Figs. 3, 4, 5, 6, 7, 8, 9, 10) . Overall, the regulation of NAPE levels and composition in plants appear to require a constitutive metabolism of pathway intermediates, but this is perturbed by the inhibition of NAE catabolism. These data also suggest that the PLD-mediated formation of NAE is subject to substantial regulation and may require further attention as a control point of the NAE regulatory pathway in plants.
Comprehensive lipidomic analyses revealed significant reductions in the levels of galactolipids and phospholipids in FAAH OE seeds, relative to WT seeds (Fig. 9) . The reasons are unclear for the reductions in major membrane lipid classes in the FAAH OE seeds on a mass basis. These differences may be due to differences in water or other non-lipid content. We measured seed oil percentage of these genotypes by time domain 1 H-NMR, and the oil content did not vary significantly between genotypes (Teaster 2009 ). This suggests that the bulk storage lipid metabolism and compartmentation are not substantially influenced by changes in FAAH expression. Other studies have demonstrated that ABA signaling pathways and NAE metabolism interact during seedling establishment (Teaster et al. 2007; Cotter et al. 2011) . It remains to be explored if altered FAAH expression also influences embryo/seed development pathways through its interaction with ABA signaling. During seedling development in the presence of exogenous NAE 12:0, an increase in NAE content was associated with a marked reduction in glycerolipid biosynthesis via the prokaryotic pathway (Fig. 10) . For example, in NAE-treated seedlings, the levels of MGDG 34:6 (synthesized by the prokaryotic pathway) were severely reduced, while MGDG 36:6 (synthesized by the eukaryotic pathway) levels were increased. This was especially obvious for wild-type and faah KO seedlings, whereas this trend was somewhat reversed, though not completely, in FAAH OE seedlings, suggesting that the prokaryotic pathway was indeed affected by the alterations in the capacity for NAE turnover. The overall membrane Fig. 9 Galactolipid and phospholipid content of Arabidopsis seeds and 8-day-old seedlings. The amount of galactolipids (DGDG and MGDG), major phospholipids (PG, PC, PE, PI, and PA), and minor phospholipids (PS, LysoPG, LysoPC, and LysoPE) were compared among seeds (a) and 8-day-old control (b) and 35 lM NAE 12:0-treated (c) seedlings. N = 4 ± SD. Significance (P \ 0.05) was determined by unpaired Student's t test and is indicated by 'a' for KO or OE versus WT and 'b' for NAE 12:0-treated versus 8-day control seedlings glycerolipid synthesis by the prokaryotic pathway was downregulated relative to the eukaryotic pathway, resulting in a general increase in the availability of ER-derived glycerolipid to support chloroplast MGDG synthesis. A similar alteration in the eukaryotic/prokaryotic pathways was reflected in DGDG species, although total DGDG levels did not increase as dramatically as MGDG with seedling development (Supplemental Table 1 ). Yet, there was a significant reduction (P \ 0.01) in the 34:6 DGDG species (produced by the prokaryotic pathway) upon treatment of wild-type seedlings with NAE. The reduction in prokaryotic pathway relative to the eukaryotic pathway could also be seen in PG species (Supplemental Table 1 ).
PG 34:4 was lower with treatment of wild-type seedlings, and this species (18:3/16:1) requires plastidial FAD4, whereas PG 34:3, 34:2, and 34:1 were not lower by treatment and these species can be made from extraplastidial components. The alteration in MGDG species might be a result of reduced seedling growth and stunted development of chloroplasts in NAE-treated seedlings (a reduced requirement for chloroplast lipids), but the effect does seem to be selective for the plastidial, prokaryotic glycerolipid synthesis pathways. Perhaps, exogenous NAE acts to inhibit a later step in plastidial MGDG formation, resulting in markedly reduced MGDG formation via the prokaryotic pathway and increased MGDG formation via the eukaryotic pathway. Nonetheless, the evaluation of this alteration in flux between the prokaryotic and eukaryotic pathways may provide new insight into the functional significance of NAE metabolism in seedlings. In addition to gross morphological changes in seedlings grown in NAE 12:0, there may be a regulation of cellular lipid metabolism in general by the NAE regulatory pathway that remains to be explored in the future. In conclusion, comprehensive profiling of the metabolites of the NAE pathway in Arabidopsis has provided new insights into potential regulatory points of this pathway and how NAE-NAPE metabolism might influence seedling growth. were not decreased in 8-day-old NAE-treated seedlings relative to 8-day-old control seedlings. N = 4 ± SD. Significance (P \ 0.05) was determined by unpaired Student's t test and is indicated by 'a' for KO or OE versus WT and 'b' for NAE 12:0-treated versus 8-day control seedlings
